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DObjective: Chronic pulmonary regurgitation (PR) has deleterious effects on right ventricular (RV) function in
repaired tetralogy of Fallot (ToF). However, there are little data regarding right ventricular outflow tract (RVOT)
contractile dysfunction in response to chronic PR and on both RV and LV volumes and function.
Methods:We retrospectively identified consecutive patients with PR who were referred for magnetic resonance
imaging quantification of ‘‘free PR’’ detected on echocardiography between 2003 and 2008. Patients had ToF
and a transannular patch procedure (n ¼ 30, 25.1  1.2 years) or PR resulting from valvar pulmonary stenosis
treated with surgical or percutaneous valvotomy (n ¼ 30, 26.6  1.8 years).
Results: The ToF and the PS groups were well matched for age at scan, age at repair surgery in ToF or initial
valvotomy in PS, duration of exposure to PR, body surface area, heart rate, PR fraction, net forward pulmonary
artery flow, and main and branch pulmonary artery dimensions. Severe PR fractions were identified in both
groups (ToF: 40%  1% vs PS: 37%  2%, P ¼ .2). Indexed RV and LV end-diastolic volumes were similar
for both ToF and PS groups (RVend-diastolic volume index: 137 6 mL/m2 vs 128 5 mL/m2, P¼ .2, and LV
end-diastolic volume index: 72  2 mL/m2 vs 67  2 mL/m2, P ¼ .1, respectively). RV mass was also similar
between groups (95 5 g vs 81 6 g, respectively, P¼ .08). However, indexed RVand LVend-systolic volumes
were consistently higher in ToF when compared with PS (RVend-systolic volume index: 70 5 mL/m2 vs 54
3 mL/m2, P<.01, and LVend-systolic volume index: 29  1 mL/m2 vs 22  1 mL/m2, P<.01, respectively).
These changes were reflected in lower biventricular systolic function in patients with ToF when compared with
PS (RVejection fraction: 52%  1.5% vs 59%  1%, P<.001, and LVejection fraction: 61%  1% vs 67 
1%, P<.001, respectively). Although RV transannular plane systolic excursion was not significantly different
between the groups (P¼ .86), the RVoutflow tract was considered contractile in only 50% of patients with ToF
compared with 93% of patients with PS (P¼ .0004). RV volumes and function were similar when only patients
with contractile RVoutflow tracts were compared.
Conclusions: RVoutflow tract patch dysfunction in repaired ToF is responsible for higher end-systolic volumes
and thus lower global measures of ventricular systolic function. These findings were not evident in cases of PS
treated with valvotomy with comparable amount of PR. These observations highlight the importance of the
initial repair surgery in ToF for late outcomes. (J Thorac Cardiovasc Surg 2012;143:1103-7)Chronic pulmonary regurgitation (PR) has deleterious ef-
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The Journal of Thoracic and Carseverity and ventricular response to PR determining long-
term outcomes.4-7 However, patients with PR secondary
to pulmonary stenosis (PS) treated with valvotomy have
excellent long-term survival. Survival is similar to that of
age-matched normal controls,8,9 markedly contrasting
with repaired ToF. Thus, the presence of PR alone cannot
explain the excess of morbidity and mortality in the
population with ToF. There are 3 possible explanations
for the differences between these patients with repaired
ToF and PS. First, the 2 groups may have different
amounts of PR. Second, operative remodeling of the RV
outflow tract (RVOT) in ToF may have deleterious effects
on later RV function. Last, there may be differences in the
inherent RV contractility in these 2 groups.
The aim of this study was to investigate the factors that
influence global ventricular function in patients with re-
paired ToF and PS. To control for the effect of different
amounts of PR, age-matched patients were selected withdiovascular Surgery c Volume 143, Number 5 1103
Abbreviations and Acronyms
LV ¼ left ventricular
PA ¼ pulmonary artery
PS ¼ pulmonary stenosis
PR ¼ pulmonary regurgitation
RV ¼ right ventricular
RVOT ¼ right ventricular outflow tract
TAPSE ¼ transannular plane systolic excursion
TOF ¼ tetralogy of Fallot
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Dsimilar regurgitation fractions. Thus, the specific factors
that were assessed were RVOT patch function and myocar-
dial contractility. Investigating these factors may assist in
our understanding of the impact of initial repair strategies
and key determinants of long-term outcomes in these
conditions.MATERIALS AND METHODS
Patient Population
Between March 2003 and April 2008, 30 consecutive patients
(aged 26.6  1.8 years, 14 male/16 female) with free PR as a result
of PS treated with surgical or percutaneous balloon valvotomy were
identified.
In this PS group, 21 patients underwent percutaneous balloon valvot-
omy, with 5 patients requiring a second balloon valvotomy procedure.
Nine patients underwent open surgical pulmonary valvotomy, which was
combined with limited RVOTautologous pericardial patch surgery in 4 pa-
tients. In all patch procedures, the pulmonary valve/annulus was spared. In
6 of the 9 patients undergoing surgical valvotomy, concomitant repair of
secundum atrial septal defects was performed. In follow-up, 4 patients in
the PS group were identified to have PR in combination with mild
(n ¼ 3) or moderate (n ¼ 1) RVOT obstruction.
The patients with PSwere age and PR fractionmatched, with 30 patients
followed in the Adult Congenital Heart Disease clinical service with re-
paired ToF (aged 26.6  1.8 years, 18 male/12 female) and in whom
‘‘free PR’’ had also been identified. All patients with ToF had undergone
a transannular autologous pericardial patch procedure in childhood. In ad-
dition, 9 of these patients had undergone a palliative shunt procedure in in-
fancy (8 with modified Blalock–Taussig shunt procedures and 1 with
aWaterston’s shunt). Two patients in the ToF group required reconstruction
surgery performed to the right branch pulmonary artery (PA) at the time of
definitive repair. One patient required redo transannular patch surgery
which was performed 2 years after the initial surgery. In follow-up, con-
comitant mild (n ¼ 5) or moderate (n ¼ 1) RVOT obstruction was noted
in 6 patients.
Cardiovascular Magnetic Resonance Imaging
Protocol
Magnetic resonance imaging was performed using a 1.5 Tmagnetic res-
onance imaging scanner (Avanto; Siemens Medical Systems, Erlangen,
Germany).
Assessment of ventricular volumes and function using
cine magnetic resonance imaging. Retrospective gated
steady-state free precession cine magnetic resonance images of the heart
were acquired in the vertical long-axis, 4-chamber view, and short-axis
view covering the entirety of both ventricles (9–12 slices). Image1104 The Journal of Thoracic and Cardiovascular Surparameters were as follows: TR ¼ 2.2 ms; TE ¼ 1.1 ms; flip angle ¼ 78
degrees; slice thickness ¼ 6–8 mm; matrix ¼ 192 3 256; field of
view ¼ 300–380 mm; and temporal resolution ¼ 40 ms, acquired during
a single breath-hold. Assessment of RV and left ventricular (LV) volumes
was performed by manual segmentation of short-axis cine images with en-
docardial outline at end-diastole and end-systole (Argus, Siemens Medical
Systems). End-diastolic and end-systolic volumes were calculated by use
of Simpson’s rule for each ventricle, and from these volumes the ejection
fraction was calculated. RV mass was calculated via manual segmentation
of the epicardial outline in end diastole. RVOT function was assessed from
cine imaging (saggital views), and abnormal contraction was diagnosed if
therewas akinetic or aneurysmal formation where therewas paradoxic con-
traction (defined as expansile anterior RVOTmotion toward the sternum of
 5mm in ventricular systole). RVOT function was independently assessed
by R.P. and P.L., who were each blinded to the diagnosis. Transannular
plane systolic excursion (TAPSE) was calculated for the RVand measured
in centimeters from the 4-chamber view in a fashion similar to that per-
formed with 2-dimensional echocardiography.10
Magnetic Resonance Flow Quantification
PA flow data were acquired by use of a flow-sensitive gradient-echo se-
quence (TR ¼ 27 ms; TE ¼ 3.2 ms; flip angle ¼ 30 degrees; slice
thickness¼ 5 mm; matrix¼ 2563 240; temporal resolution¼ 30 ms) dur-
ing free breathing. Image planes were located at the midpoint of the main
PA.11 Through-plane flow data were acquired by use of retrospective car-
diac gating. Arterial blood flow was calculated from phase contrast images
by use of a semiautomatic vessel edge-detection algorithm (Argus) with
operator correction. Net forward flow within the main PA (milliliters)
and PR fraction (%) were calculated as total PA flow minus backward
PA flow and percent backward PA flow over total PA flow, respectively.
Three-Dimensional Magnetic Resonance
Measurement of Pulmonary Artery Dimensions
Measurements were acquired with an operator-independent isotropic 3-
dimensional balanced steady-state free precession whole heart imaging se-
quence.12 Imaging parameters were as follows: TR ¼ 1.6, TE ¼ 3.2, flip
angle ¼ 90 degrees, and matrix ¼ 152 3 256 to give an image resolution
of 1.2 3 1.2 3 1.2 mm. This is a navigator echo-gated sequence acquired
during free respiration, with the navigator-echo window set around end ex-
piration and a 6-mm acceptance window.13 Proximal, distal PA, and branch
PA dimensions were measured.
The local research ethics committees approved the study, and all pa-
tients gave informed consent at the time of the clinically indicated cardio-
vascular magnetic resonance scan.
Statistical Analysis
All data are presented as mean  standard deviation or median and
range. Statistical comparison of parametric data was performed with
a 2-tailed unpaired Student t test. The relationship between dichotomous
variables was tested with the Fisher exact test. Statistical testing and data
analysis were performed with GraphPad Prism Version 4.0 (GraphPad
Software, San Diego, Calif).
RESULTS
Patient demographics are shown in Table 1. The ToF and
PS groups were well matched for age at scan, age at repair
surgery in ToF or initial valvotomy in PS, duration of expo-
sure to PR (as estimated by the time from complete repair in
ToF or initial valvotomy in PS), body surface area, heart
rate, PR fraction, net forward PA flow, and main and branch
PA dimensions. In the ToF group, 18 of 30 patients (60%)gery c May 2012
TABLE 1. Patient demographics
ToF (N ¼ 30) PS (N ¼ 30) P value
Age at scan (y) 25.1  1.2 26.6  1.8 NS
Gender 18 male/
12 female
14 male/
16 female
NS
Age at repair/valvotomy (y) 2.8  0.4 2.7  0.6 NS
Years exposed to PR 22.0  0.9 24.2  1.5 NS
Body surface area (m2) 1.79  0.03 1.70  0.04 NS
Heart rate (beats/min) 72.6  1.8 74.1  3.3 NS
PR fraction (%) 39.9  1.2 36.6  1.2 NS
Net forward PA flow (ml) 73.4  2.6 74.6  2.8 NS
Main PA dimensions (mm) 26.9  1.1 26.7  0.8 NS
Right PA dimensions (mm) 15.0  1.0 17.4  1.1 NS
Left PA dimensions (mm) 17.5  1.1 19.4  1.3 NS
NS, Not significant. Patients with repaired ToF (N ¼ 30) are compared with patients
with PS treated with valvotomy (N ¼ 30). Results are expressed as mean  standard
deviation.
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FIGURE 1. Indexed ventricular volumes. A, Indexed RV end-diastolic
and end-systolic volumes for patients with repaired ToF and patients
with PS treated with valvotomy. B, Indexed LV end-diastolic and end-
systolic volumes for patients with ToF and PS. Results are expressed as
mean  standard deviation. RV, Right ventricular; ToF, tetralogy of Fallot;
PS, pulmonary stenosis; EDV, end-diastolic volume; ESV, end-systolic
volume.
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Dwere male, whereas in the PS group 14 of 30 patients (47%)
were male.
The indexed ventricular volume data are shown in
Figure 1. Indexed RV end-diastolic volumes were similar
for both ToF and PS groups (137  6 mL/m2 vs 128 
5 mL/m2, P ¼ .25). However, indexed RVend-systolic vol-
umes were higher in the ToF group when compared with
the PS group (70  5 mL/m2 vs 54  3 mL/m2,
P¼ .008). Indexed LV volumes also demonstrated a similar
pattern. LVend-diastolic volumes in patients with ToF were
not significantly different from those in patients with PS
(72  2 mL/m2 vs 67  2 mL/m2, P ¼ .11), and indexed
LV end-systolic volumes were higher in patients with ToF
(29  1 mL/m2 vs 22  1 mL/m2, P<.001). Further sub-
group analysis was performed among the percutaneously
versus surgically treated patients in the PS group, with no
statistically significant differences identified in LV or RV
indexed volumes.
Changes in ventricular volumes were reflected in lower
biventricular systolic function in the ToF group compared
with the PS group. Specifically, the RV ejection fraction
in the ToF group was 52%  1.5% compared with
59%  1% in the PS group (P<.001). The LV ejection
fraction in the ToF group was 61%  1% compared with
67%  1% in the PS group (P<.001).
In regard to factors influencing function of the muscular
component of the right ventricle, RV TAPSE was not signif-
icant between the ToF and PS groups (2.05  0.08 cm vs
2.03 0.08 cm, P¼ .86). Further, RVmass was also similar
between TOF and PS groups (95  5 g vs 81  6 g, respec-
tively, P ¼ .08). RVOT function was significantly different
between groups: The RVOT was considered contractile in
15 of 30 patients (50%) with ToF and 28 of 30 of patients
(93%) with PS (P ¼ .0004) (Figure 2). When patients
with only contractile RVOTs were compared, there was
no significant difference in indexed RV end-systolicThe Journal of Thoracic and Carvolumes (63  6 mL/m2 vs 543 mL/m2, P ¼ .2)
(Figure 3, A) and RV ejection fraction (55%  2% vs
58%  1%, P ¼ .1) (Figure 3, B) in patients with ToF or
PS, respectively. Among patients with abnormal RVOT
contractile function, all those with PS (n¼ 2) were akinetic,
whereas 60% were paradoxically contractile (aneurysmal)
and 40% were akinetic in the ToF group (n ¼ 15). There
was 100% agreement between blinded observers.
DISCUSSION
We have demonstrated that RVOT patch dysfunction in
repaired ToF is responsible for higher end-systolic volumes
and thus lower global measures of ventricular systolic
function in both the RV and LV, which was observed indiovascular Surgery c Volume 143, Number 5 1105
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FIGURE 2. RVOT contractility was qualitatively compared between
patients with repaired ToF and patients with PS treated with valvotomy.
Patients in whom the RVOTwas akinetic or contracted paradoxically (ex-
pansile in ventricular systole) were deemed abnormally contractile (clear
panels). Patients with normally contractile RVOT are shown in the shaded
panels. RV, Right ventricular; LV, left ventricular; ToF, tetralogy of Fallot;
PS, pulmonary stenosis.
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FIGURE 3. RV volumes and ejection fraction in patients with contractile
RVOT. A, RVend-systolic volumes for patients with repaired ToF and pa-
tients with PS treated with valvotomy with contractile RVOT. B, RV ejec-
tion fraction for patients with ToF and PS with contractile RVOT. Results
are expressed as mean  standard deviation. RV, Right ventricular; ESV,
end-systolic volume; ToF, tetralogy of Fallot; PS, pulmonary stenosis.
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Dlong-term follow-up. Thus, although there may be reason-
able contractile function of the RV corpus as demonstrated
by normal RV TAPSE, RV end-systolic volumes may re-
main elevated because of the akinetic or paradoxically con-
tracting RVOT. This leads to a decrease in the effective
forward flow and ejection fraction of the RV in these pa-
tients. Of note, this translates into decreased LV stroke vol-
umes that results from higher end-systolic volumes of both
ventricles, highlighting the complex interplay between the
RV and LV that underpins long-term exercise capacity and
prognosis. These findings were not evident in patients
with PS treated with valvotomy, in whom there was a com-
parable amount of PR.
It is established that impaired LV systolic function com-
bined with severe PR is known to influence exercise capac-
ity and predict sudden cardiac death and atrial/ventricular
arrhythmias in patients with ToF.4-7 We identify RVOT
patch dysfunction as an additional important factor in
determining long-term LV volumes and function, and thus
having implications for prognosis. In our study, although
patients with PS had PR amounts that were comparable to
those with ToF, biventricular volumes and function were
more optimal in the PS group. The absence of RVOT patch
dysfunction in PS may therefore lead to better functional
outcomes despite similar loading conditions with severe
PR. Further, those patients with ToF in whom the RVOT
was contractile had similar favorable indices of ventricular
function as observed in the patients with PS. Patients with
ToF, and in particular those with RVOT patch dysfunction,
were generally considered in the ‘‘lower normal’’ clinical
range for RVand LV parameters. Serial data and correlation
with cardiopulmonary exercise parameters are warranted to
further understand the clinical implications of these
findings.
Our data provide evidence that early repair strategies in
ToF and PS have long-term hemodynamic sequelae. To1106 The Journal of Thoracic and Cardiovascular Surimprove hemodynamic outcomes when transannular patch
surgery is deemed clinical necessary, we recommend the
repair using a combined transatrial approach (to divide
the septal and parietal trabeculations, and to patch the
ventricular septal defect) and transpulmonary/infundibular
approach (to complete division of RVOT muscular trabecu-
lations if required), thereby preserving RV integrity by way
of only limited infundibular incision (1–2 cm).
Optimal management strategies for chronic PR remain
controversial. Recent reports highlight the importance of in-
dexed ventricular volumes when setting the threshold to
treat chronic PR.14-18 The particular emphasis of these
guidelines is in the ability of volume-loaded, dilated right
ventricles to ‘‘normalize’’ dimensions postsurgery. Our
findings highlight the complexities involved in RV volume
calculations. RVOT patch dysfunction significantly alters
volumes despite good corpus function of the RV. Further,
the heterogeneity between different congenital heartgery c May 2012
Puranik et al Congenital Heart Diseasediseases that leads to similar amounts of PR in follow-up
needs to be taken into consideration when devising treat-
ment criteria and protocols.C
H
DStudy Limitations
The limitations of this study include its retrospective
nature and the relatively small numbers of patients within
the groups. However, at present, the literature is lacking
in studies examining the effects of chronic PR arising
from different underlying pathologies apart from ToF.
Also, we assume that the time of exposure to PR will ap-
proximate with the time from initial treatment (valvotomy
or repair). The only way to confirm this would have been
to perform prospective serial studies, and at the time
many of our cohort were treated with current magnetic res-
onance imaging protocols that were not incorporated into
clinical algorithms. Among our cohort, there were a small
number of patients who were known to have mixed RVOT
disease. Of note, in the PS surgically treated group, 4 pa-
tients had limited subannular RVOT patches, and contrac-
tile function was akinetic and not paradoxical in the 2
patients with reported dysfunction. Although these patients
would have led to an underestimation of the volume/func-
tion differences between the groups, we think the inclusion
of these patients more accurately reflects the cross-section
of those encountered in clinical practice.CONCLUSIONS
We have demonstrated that RVOT patch dysfunction in
repaired ToF is responsible for higher end-systolic volumes
and thus lower global measures of biventricular systolic
function when compared with patients with PS (treated
with valvotomy) and comparable amounts of residual PR.
These observations highlight the importance of the initial
repair surgery in ToF for late outcomes including alterations
in LV volumes and function, which underpin long-term ex-
ercise capacity and prognosis.References
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